Introduction
The problem of optimization of the properties and production technology for the casting of massive ductile cast-iron (spheroidal graphite) castings had been investigated in the past few years. During the investigations, the centre of focus was the verification of the possibility of applying two original models -the 3D model of transient solidification and the cooling of a massive cast-iron casting and the model of chemical and structural heterogeneity. Both models have been applied to describing the temperature field, the control of crystallization and the cooling of continually cast steel slabs, to the descriptions of their chemical heterogeneity and to determining the basic characteristics of their microstructure [1, 2] . In describing the crystallization of the steel, the time for which the metal remains at a temperature between the liquidus and solidus is called the local solidification time, and the volume of metal corresponding to this time is determined by the sizes of the dendrites [3] . When describing the solidification of cast-iron, including cast-iron with spheroidal graphite, the term 'local solidification time' is not generally used, despite the fact that the eutectic crystallization of grey cast-iron always runs within a certain temperature interval and naturally even a time solidification interval.
Aims and methodology
The massive experimental cast-iron castings, produced within the research [1] , had the following dimensions: width×length×height -500×1000×500 mm. The verifying numerical calculation of the local solidification times θ [s] -conducted according to the 3D model -proved that, along the height, width and length of these massive castings, there are various points with differences in the solidification times of up to two orders. The aim was to verify the extent to which the revealed differences in the local solidification times affect the following parameters: a) The average size of the spheroidal graphite particles; b) The average density of the spheroidal graphite particles; c) The average dimensions of the graphite cells, and d) The chemical heterogeneity of the elements in the cross-sections of individual graphite cells. The relationships -among the given four parameters and the corresponding local solidification times -were determined in the series of samples that had been selected from defined positions of the massive casting.
Experimental cast-iron casting and selection of samples
The experimental casting was selected from a series of three castings. The bottom part of its sand mould was lined with 18 cylindrical chills of a 150 mm diameter and a 200 mm height each. The upper part of the mould was not lined with any chills. The average chemical composition of the cast-iron before casting is given in Table 1 . A 500×500×40 mm plate was mechanically cut out of the middle of the length using two parallel transversal cuts. Samples for ductility testing, with threaded ends, were taken from the bottom part of the casting (A), from the middle part (C) and from the upper part (G). The 15 mm-in-diameter and 12 mm-high cylindrical samples served the actual measurements in order to determine the structural parameters and chemical heterogeneity. In the points of the defined positions of the samples, quantitative metallographic analysis was used to establish the structural parameters of castiron [4] , in-line point analysis to establish the chemical composition of elements [5] and numerical calculation using the 3D model to establish the local solidification time [1] .
Quantitative metallographic analysis
Quantitative analysis of the basic micro-structural parameters in the samples, i.e. the radius of the spheroids of graphite (r g ), the distances between the particles of graphite (L g ) and the radius of the graphite cells (R b ) had been the subject of a special study [4] . The measurement of the size parameters of the graphite had been conducted on the Olympus CUE4 image analyzer under standard conditions, i.e. with a magnification of 100× and, on each sample, a total number of 49 views were evaluated. The measurement results are given in Table 2 . 
Chemical heterogeneity of samples
The concentration of elements in each of the samples was measured between two particles of spheroidal graphite. The analyzed region in the sample structure had been selected in order for the structural parameters of graphite (r ghm , R bhm , L ghm within the analyzed region) to approach the average parameters of graphite within the sample (r g , R b , L g ) measured using quantitative metallographic analysis. The differences of the average values of the parameters in the structures of Table 2 . Then, differences occur only between the values of L g and L ghm , which is given by the fact that parameter L g represents the average distance between the particles of spheroidal graphite, whereas parameter L ghm represents the measured length of the line between the edges of the graphite within the matrix. This distance was selected in order for the following relation to apply: L ghm ≈ 2R b − 2r g . The actual measurements of concentrations of ten elements -Mg, Al, Si, P, S, Ti, Cr, Mn, Fe, Ni -was carried out on the JEOL -JSM 840/LINK AN 10/85S analytical complex with an energy dispersive X-ray analyzer, an acceleration voltage of the electron beam of 25 kV and exposition time of 50 s. On each of the samples, the concentrations of all ten elements had been measured in three intervals with each individual step being 3 µm. The interval, within which the concentrations were measured, was documented by means of the Neophot light microscope. The method of selection of the measurement points is illustrated in Figures 1 and 2 (from the same sample). The results of the measurements of the chemical heterogeneity of elements in the cells were evaluated also statistically, with the aim of being able to predict the values of two parameters: the element heterogeneity index I het (which is defined as the quotient of its standard deviation and arithmetic mean) and the element segregation index I s (which is defined as the quotient of maximal concentration of elements in the cell and its arithmetic mean). 
Local solidification time
The local solidification times of the selected samples of known coordinates within the casting were calculated using an original in-house 3D model [2] and are given in Table 2 . The calculation of the liquidus and solidus temperatures, of a melt with a composition according to the data in Table 1 
Conclusion
The data in Table 2 indicates that, in the vertical direction from the bottom of the massive casting (sample A) to the top (gradually samples C and G), the average size of the spheroids of graphite and the eutectic cells of graphite, and also the average distance between the individual particles of the graphite, are all increasing. This relation was confirmed by the quantitative metallographic analysis [4] . The values of the parameters of chemical heterogeneity within the individual graphite cells are also increasing. The increase in the chemical heterogeneity is reflected most significantly in the increase in the indexes of segregation I S for magnesium and titanium, which are increasing in the Materials Science Forum Vols. 567-568 111 direction from the bottom of the massive casting to the top in the following order: magnesium I S Mg = 3.08-to-6.72-to-4.16; titanium I S Ti = 5.79-to-9.39-to-11.62 [5] . The local solidification time, which increases from the bottom of the casting to the top -from 48 s more than 50× (near the centre of the casting) and 95× (at the top of the casting), increases very significantly. The relationships between the structural characteristics of cast-iron in the casting and the local solidification time were expressed quantitatively using a semi-logarithmic dependence as follows: 
The application of the 3D model of the temperature field, together with the known and experimentally and quantitatively verified relation of the structural characteristics of cast-iron, could become an effective tool for verifying the above relations in cases comprising complex and massive cast-iron castings.
